Animals regulate gene expression at multiple levels, contributing to the complexity of the proteome. Among these regulatory events are post-transcriptional gene silencing, mediated by small non-coding RNAs (e.g. microRNAs), and adenosine-to-inosine (A-to-I) editing, generated by adenosine deaminases that act on double-stranded RNA (ADAR). Recent data suggest that these regulatory processes are connected at a fundamental level. A-to-I editing can affect Drosha processing or directly alter the microRNA (miRNA) sequences responsible for mRNA targeting. Here, we analyzed the previously reported adenosine deaminations occurring in human cDNAs, and asked if there was a relationship between A-to-I editing events in the mRNA 3 0 untranslated regions (UTRs) and mRNA:miRNA binding. We find significant correlations between A-to-I editing and changes in miRNA complementarities. In all, over 3000 of the 12 723 distinct adenosine deaminations assessed were found to form 7-mer complementarities (known as seed matches) to a subset of human miRNAs. In 200 of the ESTs, we also noted editing within a specific 13 nucleotide motif. Strikingly, deamination of this motif simultaneously creates seed matches to three (otherwise unrelated) miRNAs. Our results suggest the creation of miRNA regulatory sites as a novel function for ADAR activity. Consequently, many miRNA target sites may only be identifiable through examining expressed sequences. † Present address:
INTRODUCTION
Adenosine-to-inosine (A-to-I) RNA editing catalyzed by dsRNA-specific ADAR (adenosine deaminase acting on RNA) refers to the conversion of adenosine to inosine in double-stranded (ds) or stem-loop regions of precursor mRNAs (1) . Experimental evidence demonstrates that, whether found in a codon, anticodon or mature miRNA, inosine, like guanine, preferentially base-pairs with cytosine (2) . Several characterized examples of amino acid changes created by adenosine deamination show that ADARs can regulate gene expression by directing the synthesis of distinct proteins from a single open reading frame (1, 3) . Recent work by Li et al. (4) confirms that editing events occur at a much higher frequency within non-coding regions. Comparisons of human EST and genomic sequences have identified thousands of distinct ADAR deaminations occurring in many different genes (5) . Possible functions for editing events include altered splicing, RNA localization, nuclear retention, mRNA stability and translational efficiency (reviewed in 6). Interestingly, most editing sites occur in Alu elements (5,7 -9) , the majority of which are in untranslated regions (UTRs) (5, 9) .
Experimental evidence suggests that miRNA-mediated post-transcriptional gene silencing and A-to-I editing are interrelated (10 -13) . MiRNA transcripts have been found to undergo ADAR deamination with editing affecting Drosha processing, Dicer processing or mRNA targeting (11, 13, 14) . Work by Kawahara et al. (13) showed that ADAR deamination of the seed region of miR-376 alters the gene set regulated by the edited versus the unedited miRNA. In this work, we asked if A-to-I editing of the target mRNA, rather than the miRNA, could impact mRNA:miRNA binding by creating seed matches. We examined the previously reported 12 723 distinct ADAR editing sites (5) , and find A-to-I editing creates perfect complementarities to human miRNA seeds.
RESULTS

Adenosine deamination creates miRNA complementarities
ADAR-mediated conversion of adenosine to inosine allows inosine:cytosine pairing because inosine is chemically similar and functionally equivalent to guanosine ( Fig. 1A) .
A well-established participant in regulating RNA:RNA interactions through altering sequence complementarity, the preferential base pairing of inosine to cytosine was described several decades ago in codon:anticodon interactions (2) . More recently, the direct ADAR deamination of a miRNA (miR-376) was found to alter miRNA target selection (13) . Over 12 000 A-to-I editing sites have been identified in human mRNAs with nearly 90% of these occurring in UTRs (5, 7, 8) . Because 3 0 -UTRs are widely accepted as the predominant site of miRNA:mRNA association, we asked whether deamination of A-to-I editing sites (5) significantly altered their complementarity to currently annotated human miRNAs.
Although miRNAs are generally 21-22 nt in length, their association with target mRNAs is typically mediated through a seven base pair (bp) interaction involving base pairs 2 -8 (5 0 to 3 0 ) of the mature miRNA (15) . This 7 nt sequence constitutes a miRNA 'seed' and its reverse complement in a target mRNA, a 'seed match' (16) . Using a simple 7 bp seed scan of the 100 bp 5 0 and 3 0 of the 12 723 distinct deamination sites (5), we identified miRNA seed matches that were created or lost. All sites were screened once with a central adenosine (unedited and lost) and once with a central guanosine (edited and created) ( Fig. 1B ). Using this approach, we identified seed matches to 30 miRNA families that were significantly enriched (P 1.8 Â 10 25 ) in sequences bearing a central G position (Table 1 and Supplementary Material, Table S1 ). Strikingly, over 3000 of the 12 723 sites form perfect miRNA seed complements if deaminated. We coined these miRNA associating if Table S2 ). While editing can also destroy sites (Supplementary Material, Table S1 ), we focus here on MAIDs and their ability to confer miRNA-mediated regulation.
MiR-513 and miR-769-3p/-450b-3p specifically target deamination sites
We first examined the greatest outliers, miR-513 and miR-769-3p/-450b-3p, in greater detail. In the 12 723 data set representing unedited sequences, the average number of seed matches to miR-769-3p/-450b-3p at any 7 nt position was 0.79 (max ¼ 4). This strongly contrasts the 252 miR-769-3p/-450b-3p seed matches unique to the edited 3 0 -UTR data set (Table 1 and Fig. 2A) . Similarly, the average number of seed matches to miR-513 at any position was 0.63 (max ¼ 4) versus 257 when comparing the unedited to the edited 3 0 -UTR flanking sequence and edit site. Therefore, for these mRNAs, miR-513 and miR-769-3p/-450b-3p preferentially target deaminated sequences. Upon closer examination, we found that 190 of the matches to the miR-513 seed (3 0 -GGACACU-5 0 ) and miR-769-3p/-450b-3p seed (3 0 -CUAGGGU-5 0 ) were created by a single deamination within a common 12 nt motif (5 0 -CCUGUIAUCCCA-3 0 ) ( Fig. 2B ). Finding an invariant guanine immediately 3 0 of these 12 nt, and allowing for a single G:U wobble at an adenosine or guanine immediately 3 0 to the deamination site, extended the miRNA-513/-769-3p/-450b-3p MAID to 5 0 -CCUGUIRUCCCAG-3 0 . Thus, the simple scanning approach used identified 288 distinct sites within this 13 nt motif, which when edited forms seed matches to miR-513 and miR-769-3p/-450b-3p ( Fig. 2C ). Thus, MAIDs containing miR-513 and miR-769-3p/-450b-3p seed matches are significantly enriched in a subset of the deamination sites originally identified by Table S3 ). Of note, this result was repeated using a standalone TargetScan program (16) without considering conservation of seed matches as a ranking criterion.
MiR-513 and miR-769-3p repress deaminated sequences
To test whether MAID sequences could serve as miR-513 and/ or miR-769-3p/-450b-3p targets, we constructed a series of luciferase reporters possessing unedited sequences, or 'edited' 13 bp MAIDs specific to miR-513/miR-759-3p/-450-3p downstream of Renilla luciferase (Fig. 3A) . MiR-513 expression vectors repressed TGAT (edited) target activity by 50% and TGGT target activity by 40% when co-transfected with the reporters (Fig. 3B ). Replacing miR-513 with miR-769 in similar experiments resulted in 70% and 60% reductions in Renilla luciferase activity, respectively (Fig. 3B) . Importantly, reporter activity from the 'unedited' reporter construct TAAT was not affected when transfected with either miRNA (similar to control, data not shown). We next repeated these experiments with pooled miRNA expression vectors and either miRNA-specific or control miRNA inhibitors (anti-miRs) (17) . As shown in Figure 3B , activity was restored to near normal levels in the presence of specific miR-513 and miR-769-3p inhibitors. These data demonstrate that MAIDs can be specifically repressed by miR-513 and miR-769-3p.
To test whether MAIDs can confer miRNA regulation to endogenous mRNAs, we examined the 3 0 -UTR of DFFA (DNA fragmentation factor alpha-also referred to as ICAD). DFFA was selected for three reasons: one, the presence of nine 5 0 -CCUGUIRUCCCAG-3 0 motifs within the 3 0 -UTR ( Fig. 4A and B) (18) ; two, the prevalence of ESTs within the NCBI data set showing ADAR activity in the 3 0 -UTR (19) ; and three, our own sequencing confirmation of DFFA deamination in cDNAs cloned from neuroblastoma (NB7) versus HEK 293 cells ( Fig. 4C) . Together, these characteristics present DFFA as a possible target for MAID regulation.
Two luciferase reporters were constructed to evaluate the ability of miR-513 and/or miR-769-3p to repress DFFA (Fig. 4D) . These vectors encode Renilla luciferase harboring either the DFFA edited 3 0 -UTR cloned from NB7 cells (DFFA-E), or the unedited DFFA 3 0 -UTR cloned from HEK 293 cells (DFFA-U). DFFA-U and DFFA-E constructs differ by a single adenosine deamination (293_2 versus NB7_2; Fig. 4C ). As shown in Figure 4E , miR-513 and miR-769-3p co-transfection repressed DFFA-E reporter activity by 30 and 60%, respectively. In contrast, DFFA-U reporter expression was not repressed when transfected with either miRNA (similar to control, data not shown; Fig. 4E ). Experiments with pooled miRNA expression vectors and either miRNA-specific or control miRNA inhibitors (anti-miRs) confirmed miRNA targeting activity specific to the edited state. For DFFA-E, but not DFFA-U, Renilla activity was significantly increased (to near normal levels) in the presence of anti-miR-513 and anti-miR-769-3p (Fig. 4E) . These experiments indicate that miR-513 and miR-769-3p can regulate the DFFA mRNA 3 0 -UTR in an adenosine deaminationdependent manner.
MiR-769-3p represses DFFA expression specifically in cells that deaminate the DFFA 3 0 -UTR Having confirmed that miR-513 and miR-769-3p selectively repress deaminated DFFA 3 0 -UTRs within the context of our reporters assays, we next tested whether they could repress endogenous DFFA protein expression. Because miR-513 and miR-769-3p were either undetectable or expressed at very low levels in NB7 cells (data not shown and Fig. 5A ), we used over-expression plasmids. MiR-769-3p overexpression in NB7 cells resulted in 60% reduction in DFFA, in contrast to miR-769-3p overexpression in HEK 293 cells ( Fig. 5B and  C) . Co-transfection of anti-miR-769-3p, but not a control anti-miR, abrogated this repression (Fig. 5B ). To assure these findings were the consequence of miRNA expression, we repeated these experiments using commercially synthesized miRNA precursor RNAs and found these similarly capable of silencing endogenous DFFA levels in NB7 cells (data not shown). The cell line-specific reduction of endogenous DFFA supports the hypothesis that miR-769-3p can regulate the deaminated DFFA 3 0 -UTRs. 
DISCUSSION
In this work, we demonstrate that A-to-I editing can create miRNA target sites and that these sites are functional in vitro. On the surface, our findings appear to contradict a recent hypothesis report indicating no correlation between miRNA target sites and A-to-I editing (20) ; however, our data are largely in agreement, and the apparent conflict can be explained by the scope of our study. The prior work by Liang and Landweber (20) searched for a relationship between ADAR deaminations and 73 conserved miRNA families. In contrast, we evaluated all human miRNAs. By extending the study beyond conserved miRNAs, we identify 325 miRNA families with complementarities enriched at deamination sites. Notably, the majority of miRNAs identified is primate specific and would, therefore, not be identified in an analysis of evolutionarily conserved miRNAs. In more recent work, Li et al. (4) also found no enrichment of editing sites in miRNA target genes when sites within Alu elements were excluded.
While the simple scanning approach we used identified a number of 7 bp miRNA seed matches that were formed upon editing, our results are likely an underestimation. Our approach does not consider the formation (or loss) of a1 sites, which is defined by TargetScan5.0 as having a 6 bp perfect match (nts 2 -7 of the seed) and an adenosine immediately 3 0 of the seed match. Similarly, our scan would not identify sites with an edited adenosine in position 1 of an 8mer seed match. Even with these possible differences in absolute numbers of created MAIDs or miRNA-targeting sites lost upon editing, data from TargetScan5.0 resulted in the same overall trends for the transcripts profiled.
Alu sequences in transcripts are notable for harboring human miRNA seed complementarities (21, 22) and we extend that complementarity to A-to-I edited sites. The MAIDs identified in our work overlap with adenosines that are edited more frequently than those at other positions, as quantified by Kim et al. (8) (Supplementary Material,  Fig. S1 ). Interestingly, the sequences surrounding and containing these sites are highly conserved among Alu families (23) . Together with our experimental and informatics analyses, these findings suggest that one outcome of primate mRNA 3 0 -UTR adenosine deamination is the modulation of miRNA target sites.
Editing occurring within 3 0 -UTR-resident Alu elements can result in nuclear retention of the transcripts (24); however, 3 0 -UTR-edited mRNAs can also be associated with polysomes (9), suggesting that not all edited transcripts are retained in the nucleus. Furthermore, a more recent bioinformatics study demonstrated that deletion of sequences between paired Alus can occur, potentially removing miRNA target sites (25) . Relevant to our work, Osenberg et al. (25) did not detect cleavage of human DFFA 3 0 -UTRs, suggesting that our predicted sites remain intact in the final transcript. It will be interesting in further work to determine the sequence isoform of DFFA and other edited 3 0 -UTRs as to their cytoplasmic expression (or nuclear retention) between cells of different origin, cells in variable states or among different tissues.
Finally, although miRNA:target interactions have been catalogued using bioinformatic approaches, target validation still requires empirical validation. Factors such as G:U basepairing, local secondary structure, target accessibility and position effects due to nucleotide composition clearly complicate accurate target prediction (26) . Here, we demonstrate that some miRNA target sequences are not detectable by querying only the genomic sequence. For the miRNAs we identify as complementary to deaminated sequences, as well as miRNAs potentially targeting other post-transcriptional editing events, accurate target identification may only be possible through evaluating expressed sequences directly. More recent data showing editing events between tissues of an individual (4), and deep sequencing that reveal rare editing events in the developing brain (27) , will be useful to analyze further the extent of editing that confers miRNA target site modulation.
MATERIALS AND METHODS
Informatics evaluation of ADAR deamination sites
The full, publically available Compugen deamination data set (composed of 12 723 characterized human deamination sites with 200 nt of flanking sequence (100 nt 5 0 and 3 0 ) were obtained from www.cgen.com/research/Publications. Perfect seed matches to all currently annotated human miRNAs were identified in each of the Compugen sequences using either an in-house Perl script which counted seed match occurrence and recorded the position of each within individual 201 nt Compugen sequences (as illustrated in Fig. 1 ), or an in-house Excel-based analysis, and using the standalone version of Targetscan (Targetscan 5.0). Each 7-mer sequence was queried for perfect identity to the reverse and complement of the 7nt seed sequence for human miRNAs (miRBASE 13.0). Statistical significance of individual miRNA seed occurrence was determined by Poisson distribution. Significance of A-to-I editing site and MAID occurrence in human cDNA databases was determined by chi-square distribution test.
Vector construction
Unless otherwise indicated, PCR amplifications were performed in 40 ml reactions at standard concentrations (1.5 mM MgCl 2 , 0.2 mM dNTP, 1ÂBiolase PCR buffer, 0.5 U Taq (Biolase USA, Inc., Randolph, MA, USA), 0.5 mM each primer) and using standard cycling parameters [948C, 3 min (948C, 30 s; 558C, 30 s; 728C, 60 s) Â30 cycles, 728C, 3 min] then cloned into Topo TA PCR 2.1 (Invitrogen, Carlsbad, CA, USA). RT -PCRs were performed at 558C using Ret-roScript III Reverse Transcriptase (Invitrogen) and oligo-dT 20mers. UTR amplifications were cloned into Topo TA PCR 2.1 and sequenced. Antisense reporters (TAAT, TAGT, TGAT, TGGT, Concensus-A and Concensus-G) were constructed by oligonucleotide primer extension (amplifications performed as above except cycle number was decreased to 25 and extensions to 10s) with primers containing 5 0 Xho-I and 3 0 Spe-I restriction enzyme sites. Following digestion, amplicons were ligated into the Renilla luciferase 3 0 -UTR of psiCheck2 (Promega, Madison, WI, USA) vector linearized with Xho-I and Spe-I then incubated with antarctic phosphatase (NEB, Ipswich, MA, USA). The presence of an independently transcribed firefly luciferase in these reporters allowed normalization for transfection efficiency.
Luciferase assays
HEK 293s were cultured in DMEM (10% FBS and 1% PS) in 12-well plates. At 90% confluency, cells were transfected following the Lipofectamine 2000 (Invitrogen) protocol. As indicated, luciferase assays (n ¼ 3) were performed on HEK 293 lysates following cotransfections of psiCheck2 (Promega) luciferase reporters with Alu promoter expression vectors [pAL-513, pAL-769-3p or pAL-1-control (28)] and/or antagomirs (Ambion, Foster City, CA, USA) following manufacturer recommended guidelines. At 35 h, existing media was replaced with 1 ml fresh media. At 36 h, cells were scraped from well bottoms and transferred to 1.5 ml Eppendorf tubes. Eppendorfs were centrifuged at 2000 RCF for 3 min, followed by supernatant aspiration and cell resuspension in 300 ml of PBS. Cells were lysed by three freeze thaws and debris removed by centrifuging at 3000 RCF for 3 min. Fifty microliter of supernatant was transferred to a 96-well Micro-Lite plate (MTX Lab Systems, Vienna, VA, USA) then firefly and Renilla luciferase activities measured using the 
